Introduction
The Li-air battery is an attractive electrochemical energy storage technology for the future; in the best of worlds the combination of a lithium metal anode and an oxygenbreathing cathode will enable a battery system with a capacity competitive with gasoline powered technologies 1 . Thus, a strong incentive exists to develop the Li-air battery into "the" technology of choice for energy demanding and cost-sensitive storage applications. However, despite progress in recent years, considerable challenges remain before a practical, reversible, Li-air battery can be developed 2 . These challenges must be solved in ways that conserve the theoretical advantages of the Li-air battery -not to forfeit its purpose. Reversible Li-O 2 electrochemistry is mainly hindered by poor solvent stability in the presence of the reduction products of O 2 (e.g. O 2 *-, LiO 2 * , O 2 2-, and Li 2 O 2 ); the instability of propylene carbonate (PC) being the most well-known example 3, 4 . The reactivity and decomposition mechanisms of suggested solvents for Li-O 2 batteries have since been devoted much effort [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , but to date it has been difficult to find or predict new, stable, solvents for future use, and there are no guarantees that such unique and robust solvents exist. Therefore, alternative approaches may be needed to improve the electrolyte stability. Furthermore, electrolyte stability is not the only prerequisite; a practical, rechargeable battery requires an electrolyte with facile ion transport and both a reversible and favourable path between O 2 and Li 2 O 2 . The formation of thin, nanometer thick, conformal layers of Li 2 O 2 , for example, is an unwanted outcome that block further reactions and severely limit the energy output of the battery 17 .
The electrolyte composition has recently been demonstrated to play a crucial role to promote the growth of large micro-sized Li 2 O 2 particles and much improved discharge capacities of Li-O 2 batteries 18 . Solvents with high donor and/or acceptor numbers seem to be key, already at additive concentrations, to dissolve and solvate LiO 2 in a solution mediated Li 2 O 2 growth mechanism 18, 19 . Ionic additives provide a similar function 20, 21 and, overall, an additive approach is likely needed to meet the diverse functions requested in the . The selection of solvents is motivated by their wide use in Li-air battery research and contrasting properties; DME being a medium donor number and low permittivity solvent, DMSO having a high donor number and medium permittivity, and PC of high permittivity and low donicity ( Table 1) . The computational approach makes it possible to study these electrolytes without the bias of solvent decomposition, impurities etc.
The 
Computational details
Car-Parrinello Molecular Dynamics (CPMD) 25, 26 DFT-MD was used to simulate LiO 2 * solvation in DME, DMSO, and PC (Table 1) . Three simulation boxes with 30 DME, 36 DMSO, and 36 PC molecules were setup and pre-equilibrated using classical MD (Amber The fictious electron mass was 500 au, the time step 4 au (0.1 fs), and the orbital convergence 10 -5 au. Stefan
Goedecker's norm-conserving pseudopotentials [30] [31] [32] Equilibration was performed for 10 ps, followed by an additional 10 ps production runs. Every picosecond, or less, the electronic wave function was quenched to the BornOppenheimer surface to maintain adiabaticity. The product runs were subject to analysis of bond trajectories and radial distribution functions. Ten snapshots, at 1 ps intervals, were used to calculate the wavefunction and projected density of states of the electrolytes. The latter were used to identify the frontier orbital energies. An additional 10 ps of simulations for PC, and 20 ps for DMSO, were made to assess the convergence of the simulations over longer time-scales. Small clusters of explicitly solvated O 2 *-and LiO 2 * were extracted from CPMD-snapshots and geometry optimized in Gaussian 09 (RevB.01) 35 . The clusters included six explicit solvent molecules. The B3LYP exchange-correlation functional 36 was used together with the 6-31G(d) Pople basis set, in vacuum or using a polarizable continuum model (PCM) 37 . The default PCM settings were used for diethylether (DEE) and DMSO, while DME (=7.2) and PC (=64.9) were modelled using these non-default dielectric constants together with the DMSO PCM. The low permittivity DEE PCM was included as a second common reference for all complexes, in addition to the vacuum reference. The purpose of using a common continuum reference for models with different explicit solvents was to highlight possible differences related to the explicit interactions and the interactions with the continuum medium. Adding or subtracting an electron and reoptimizing the structures, the reduction and oxidation properties of the clusters were addressed; adiabatic electron affinities (EA) were calculated as the energy difference of the reduced and original clusters, and adiabatic ionization potentials (IP) as the difference between oxidized and original clusters. Singlet (M=1) reduction products and triplet multiplicity (M=3) oxidation products were favoured in all electrolytes. 
Results and discussion
LiO 2 * contact ion pairs (CIP) are favoured in DME, DMSO, and PC O 2 *-and Li + can be in direct contact in the electrolytes to form contact ion pairs, CIP [LiO 2 * ], or be separated by one or several layers of solvents in solvent-separated ion pairs and PCaltogether six electrolytes -show that the energies of the two states largely overlap, but on average CIP formation is preferred in all solvents (Fig. 3 ). It is difficult to estimate absolute energy differences, since energy convergence is slow for several electrolytes (Suppl. Fig. S1 ), but the relative results
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Additional information is provided by cluster-type quantum chemistry calculations of the LiO 2 * formation energy, ∆E CIP , in explicit and implicit solvents (Fig. 4) . In vacuum, or in a weak and common solvent continuum (DEE), the reaction energy follows the order DMSO > PC > DME, i.e. the stabilization of LiO 2 * is strongest in DMSO and weakest in DME. However, when increasing the strength of the continuum solvent and taking into account the appropriate permittivity of each electrolyte, the overall trend is similar to that of the DFT-MD simulations: DME > DMSO > PC. , which promotes the dissociation of the CIP into SSIP. A high permittivity solvent has the same qualitative effect of promoting CIP dissociation. The DN of solvents have been used to explain experimental differences in LiO 2 solubility 18 , but the DFT-MD and cluster results here suggest the permittivity of the solvent to be a stronger determinant for the ionic association in the electrolyte than the DN. Despite PC being the solvent with the lowest DN it is suggested to be more efficient than DME or DMSO in solubilizing LiO 2 * , which can only be explained by its higher permittivity. Fig. S2 ).
The
The cluster approach supports an increase of the rOO bond lengths in DME and PC clusters when Li + is introduced to form a CIP with O 2 *-, although the absolute bond lengths are different and the overall structural differences are smaller (Suppl. Table S1 ). Part of the changes in absolute bond lengths can be attributed to the use of different functionals (Suppl .  Table S2 ). No difference in rOO is found between the clusters of O 2 *-or LiO 2 * explicitly solvated in DMSO. However, this is also in accordance with the DFT-MD results, since the CIP cluster optimized in DMSO (Suppl. Fig. S3 ) is representative of the situation where Li + is coordinated only to one of the O 2 *-oxygen atoms -circumstances under which the DFT-MD rOO bond trajectory suggests a shorter rOO bond length (see DMSO trajectory at 9ps, Fig. 5 ).
The coordination of Li + is higher in DME and DMSO LiO 2 * CIP
The cumulative radial distribution functions, or coordination numbers (CN), from the DFT-MD simulations reveal an approximate 4-fold coordination of Li + by oxygen atoms in all SSIP electrolytes (Fig. 6 ). CIP formation increase the CN relative to the SSIP electrolytes for DME (3.8 → 4. , within a radius of ca. 2.8Å of any of the oxygen atoms, consists exclusively of hydrogen atoms from the solvent alkyl groups (Suppl. Fig. S4 ). As a result, controlling Li + -O 2 *-interactions provide the best opportunity to influence the electrolyte properties, since at zero interaction the state of O 2 *-in any of the explored electrolytes will be very much the same.
Frontier orbital energies are lower in LiO 2 * CIP
The electronic energy levels of 10 snapshots from each DFT-MD simulation were analysed to determine the highest occupied and lowest unoccupied orbital (HOMO and LUMO) energies for each electrolyte. The HOMO levels, which are here singly occupied molecular orbitals (SOMO) due to the . The analysis reveals a stabilization of the average frontier orbital energies and increased SOMO-LUMO energy gaps in the CIP, relative to the SSIP electrolytes (Table 2) .
The SOMO levels fluctuate over approximately one eV between snapshots, with a standard deviation of 0.2-0.3 eV (Suppl . Fig. S5 ). The average SSIP SOMOs are within 0.4 eV and follow the order; DME < DMSO < PC. The same order exists among the LUMO, but with a 0.9 eV separation of the lowest and highest energies. The SOMO-LUMO gap of DMSO and PC are of the same magnitude (ca. 0.6 eV) and larger than that of DME (0.2 eV).
The SOMO and LUMO energies of the CIP electrolytes are lower than for the SSIP; the LiO 2 * CIP stabilizes O 2 *-towards oxidation by the lower SOMO energy, but at the same time make reduction more likely by the lower LUMO levels ( Table  2) . DME is the solvent with the most pronounced stabilization of the frontier orbitals, while DMSO is the least affected. The magnitude of SOMO stabilization upon CIP formation is of the order of 2 eV for DME, 1.5 eV for PC, and 1 eV for DMSO ( Table  2 ). The LUMO stabilization is smaller and somewhat stronger for DME and PC (ca 1.2 eV) than for DMSO (0.8 eV). The latter result is in qualitative agreement with the trend in DN (Table  1) , but the stabilization of the occupied SOMO orbitals -the relative results for DME and PC -are not satisfactorily explained in terms of only the DN, which highlights the influence of other solvent parameters -the solvent permittivity being closest at hand.
The adiabatic ionization potentials (IP) and electron affinities (EA) of small clusters change according to the DFT-MD SOMO and LUMO
The small clusters with O 2 *-explicitly solvated by a few solvent molecules correspond to the SSIP electrolytes in the DFT-MD simulations. The EA and IP of O 2 *-in these clusters are sensitive to the use of an additional continuum solvent, as exemplified for DMSO (Fig. 7) ; in vacuum, all EA and IP are negative (reactions are endothermic) and of comparable energies, but already in a low permittivity solvent (DEE) the EV and IP become clearly separated. With increasing permittivity (DME, DMSO, PC) the separation is 3-4 eV -all EA are negative (exothermic) and all IP endothermic. Thus, the explicit + implicit solvation cluster models suggest reduction to be favoured over oxidation, due to the stronger stabilization of the peroxide anion (O 2 2-) compared to molecular oxygen. The consistently higher EA of DME reflects not only a weaker permittivity, but also possibly a weaker ability of the less polar DME to stabilize the charge density of O 2 2-. The CIP cluster models, with LiO 2 * as the solvated species, are little affected by the continuum model (Suppl. Fig. S6 ). All EA are slightly more exothermic, and IP endothermic, compared to the SSIP cluster models (no Li + ), i.e. the CIP are more prone to reduction, but require a stronger oxidizing environment to be striped of an electron. This is anticipated based on the comparison of neutral with negatively charged clusters. The higher IP and lower EA of LiO 2 * relative O 2 *-are in qualitative agreement with the lower SOMO and LUMO energies of the CIP vs. SSIP electrolytes. Quantitatively, the lower EA of the CIP over SSIP (∆EA DME = -1.29 eV, DMSO = -0.59 and PC= -0.99 eV) are comparable to the DFT-MD ∆LUMO results (Fig. 8) . The magnitudes of the positive ∆IP (DME=1.15 eV, DMSO/PC=ca 0.65 eV) are smaller compared to the negative ∆SOMO predicted by the DFT-MD models. The negative ∆SOMO correspond to positive IP, thus, plotting ∆SOMO as positive values eases a graphical comparison (Fig. 8) . The good correspondence of the results from, the comparatively simple and cost-effective, cluster-type quantum chemistry calculations with the much more computationally intensive DFT-MD simulations, suggest that the former can be used in future studies to screen for additive effects beyond TBA + . More rigorous generation and optimization of clusters, as well as testing of different functional basis sets is out of the scope of this study, but will be valuable in future work. As of now, few rigorous computational studies have been performed of O 2 *-in aprotic electrolytes 39 .
Finally, molecular oxygen is a physical contradiction in aprotic Li-O 2 battery electrolytes: it should be there as a cheap and abundant resource to reduce/oxidize to drive the reactions of the electrochemical cell -it should also not be there, since it generates species that drive parasitic decomposition reactions in most known solvents. The future of Li-O 2 batteries will depend on finding a clever resolution to this contradiction -resolving the conflict in time and/or space. Arguably, computational simulations will be of great use to find a solution. Despite difficulties making quantitative comparison with experimental data, because of the many parameters influencing experimental results, simple model systems will serve as a good test-bed for understanding fundamental differences in solubility, stability, which species to avoid or promote etc, in the quest for a practical Li-O 2 battery cell. 
